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Considerable  research has been perfornmd fn the past to deter- 
mine ths efYect of surface roughness qn the drag of an airplane or 
its component parts. Sn general, howaver, these data ham been 
limited to eeveral degrees of roughnees and t y p e  of aIrp-8. In 
order to deteMofne the effoct  of other. degrees of roughmas on a 
apecific afrplanft, the desigmr must therefore resort to further 
experimntation or attempt t o  estimate the effect .  In order t o  
provide 11y3m13 to estimate the effect of &ous degrees of roughness 
on any airplane, the =tho& discussed. in this report wa8 developed. 
The mthod COIII~~EBS several relatiom used in deterninir;g the akIs 
f r ic t ion  drag of f l a t  platee with various surface conditiona. 
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length i n  directfon of air f l o w  of that part of 8 -face for 
which drag coefficfent is be- carputed, feet 
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height of rougbneas particles on surface, feet 
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equivalent setzrd height, feet 

Reynolds n-r (V&/fl 
.. . .  

bOundarr-l&r Rewolds (Vo6/U) 

wing Reynolds nmber (V&/lY) 

body Reynolds number (V&b)  

dietance’ normal t o  surface frwn the surface to a poin-k in 
the boundary l aTe r  at which u equals O.?O7V, feet  

chord. of wing, feet 

distance a l o q  surface from leading edge, feet  

d i e t m e  along surface frcan leading e.--, to point of 
msximum velocity,: feet 

length. of body, feet  

distance of surface fkon ax le  of revolution, feet 

value of r . at point for which.boundary-lger . t h i C k n 0 8 8  
is being computed, feet 

velociky of air in boundary l&yer, feet per second 

free-streax-velocity, feet.pel* Second . . 

maxim& velocity m r  surface, ‘feet per second 

velocfty at point of laminar a e p m t i o n ,  feet per eecond 

velocfty .outside boundary l aye r ,  feet per wcond 

value of V at point f o r  which boundetry--layer thickness 

. .  

ia being computed, f e e t  per second 

kinematic viscoe~ty of air, aquaGe f ee t  per second 

c m t a n t s  

METHOD OF CALCULATING DRA13 INCKEI.IENT 

GeIberal Discussion . 

The drag of a surface due to skin f r i c t ion  arises f r o m  the 
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boundam'layer aro dependent not only on tho extent of the surface 
upstream gf the point at which the lossos are measured, but afeo 
on t h o  t g p  of flow in the boundary U p r .  In this  particular 
discussfon three .different, tgpe8 of bowdaq"layer flow are of 
interest ,  namely, laminar flow, turbulent flow over a enmoth SUP 
faco, and turbulent flow d e r  a rwgh sitrpaco. . To i l luetmte  
theso types of flow, m s m .  that air  is flaring mer a ~ur face ,  
the forward portion of which is smodth and t h e  latter, portion 
rough. The growth of the bomdaqr lapr almg this  surface would 
bo as followe: 

a b d 

At pofnt a, tho leading edge of the  plate, $he boundary-layer 
thicknose is zero. FKan points a t o  b the bounchry layer l a  
laminar. Transition is assmed t o  occur at point b, causing a 
turbulent bowihry layer on Q m o t h  aWaco' t o  exist fzmi poinGs 
b t o  c. In actual practice cmplste transition w i l l  not occur at 
a point. Notice that bemath the turbulent born- layer  thoro 
is a thin laminar sublagor. Tho roughnese particles project . 
&om this laminar eublapr bahind point c. A ttu3ulent' boundsrg 

1 la'yor on a rough surface exists, therefom, from G to d. 

In order t o  compute the drag of this surface, it is necessary 
t o  haw t he  docroaso in bom@ry-lapr nonenturn in zmit tlno a s  
the air passes frm point a t o  point d. The mamenturn lossas fram 
the leading eQe of the plate to any pofnt . o n  tho plate CM be 
shown a6 the ordinate of .a curve plotted in re lat ion to tho length 
of t h e  plate, 88 sham in diagram 2. It Kfll bo noticod that  *hero 
are throe different curaes comespondfng t o   t h o  thmo typos of flaw 
over the flat plate. 

Various  oquatians ham been determined analgtfcally and 
onpiricallg fm which the ord inates  of theso GWOB c m  be found, 
provibd tho condftiam set fo r th  fn the derivation of theao 
equations are net. Theso conditions are as f o 3 1 m :  

' .I . 
1. Tho boundarg layer must bo the seme type 8s that  used in 

the dorfvation of the equation. 
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2. Tho same tgpe of boundary layer  must extend over the ent i re  
surface. -e “v. 

3. The mamenturn losses in tho boundary l ayer  must bo zero at 
the upstraam oQe -of tho surface. , 

. .  

A n  impaction of diagram 2 shows that only condition 3 ia mot 
since three different typos of boundary laysr occur on the plate 
and thorefore no on0 oquatian could bo used f o r  all throe types. 

a b C a 

For the purpoaos of the calculation l e t  tho plat0 be divtdod 
i n t o  threo aectiona, each surface hatring only one typo af boundary 
l a y e r  a8 sham in diagram 3. 

a b 
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It is $hen poseible to meet conditions 1 and 2 for each surf'ace 
separately, Int caditian 3 is fulfilled onlg for the most upstream 
surface (surface A ) .  However, if t he  d d d l e  and downstream BUT- 
faces (surfaces B and C )  w e r e  efiended upstream to a pint at which 
the momentum losses fn t h e  tspe of bounctary layer under consideration 
theo??e;e;ically would be zero, t he  flow mer thie enlarged surface 
would f u l f i l l  condition 3 and the mamentrcm losses at any win% on 
the surface could then be calculated. The momentum losses in the  
boundary layer over -&e extended of the -sUE.face are shown by 
dotted lines in diagram 3. 

. 
Cf z1.727 

T- 
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For a turbulent boundary layer OR a rough surface the equation 
is . . -  * 

To facilitate the 1.188 of them equations i n  the mthcd prevfouslg 
discussed, it is more appropriate that they be given i n  tern of 
drag than drag coefficient. B@reov-er the drag coefficients in the 
preceding equations are based upon the area for which the drag is 
being cnmputed. In general, the coefficient8 Kill be based on the 
proJected wing area of the airplane. Presenting the equrstione in 
term of drag then malres ft eaeg to base the .coefficients on the 
wing area by dfviding by t h i s  area at the conclu~iion of the 
c a l c a t i o n .  

The term Cpx is then the drag per unit wfdth of the plate  
divided by t h e  d m c  pressure. m e  -t;Orm R/x is used since  it 
is a function only of the true airspeed and the kinematic viscoeity 
of the air. Its i~ ahown in figure 1.. h f1-s 2 to 4 the 
values for equatzons (4) to (6) are  shown. 

Equation (4) is the  Blaeiue relationship (reference 1, p.322) 
and is ueed only when a laminar boundary layer exists an the 
surface. Equation (5) is used (reference 1, p. 324) whenever 
the Plow is over a mooth surface and has a turbulent boundary 
layer When the flow fe over & rough surface and has a turbw- 
lent  boundary laxer, equation (6) is used (reference 2). 
Equation (6) is independent of Roynold8. nmfber. It may be wed, 
however, only when the Reynolds nmiber is sufficiently large t o  
cause the laminar sublayer beneath the turbulent boundary layer  
to be &l in comparison to the height of the roughmss particles. 
A t  mall. Reynolds mmibere.for which the laminar sublayer c q l e t e l y  



. 

Determining the of Flow 

In o r b r  to use tho arsthcd previously discussed it is  necessary 
to determine t& t y p e  of flow o v w  tha aurface and the length of 
each of flow. On a -0th &&ce two tspes of flow exiet: 
the boundary layer r a a ~  ef thor  be laminar or turbulent. From the 
s t a p t i o n  pofnt t o  the transition point the b0unda.q layer fs 
laminar. The problen than becomes one of determining t h a  location 

Snto a turbulent layer. 
of the transition point at wbich the laminar h y e r  w i l l  transform 

and for bodies of mpolution, the elcpraseion io 
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Far airfoil8 having maximum velocity far forward, it is assumad 
that transitfon w i l l  occur a t  the point of laminar separation. me 
folJLowlng Illathod (reference 4) m y  be used t o  find the separation 
pofnt. The forward poktion=.of the chordwise velocity  distribution 
i 8  approximatad by two e t r a i a t  lines. The reglon ahead of a e  
mn.Jrllmmr velocity is represented by 

and the reeon  direct ly  behind tho nraximum velocity by 

'The point of separation is then dotqm5Fd from , 

where @, , a8 a function of b/a is plotted in figuro 7. 

If the surface is in  the wake of the xfng, a5 for  example the 
horizontal tail, or in the p r o p l l e r -  slipstream, .it IB assumed that - 
transition occura at  the leading e- of the surfaca. 

The boundary layer  Over a rough surface 38 assumd to be 
turbulent except near the stagnation point. No data are available 
which show the  extent that a rough surface w i l l  cause perpaturo 
transition, although reference 5 show that a single row of snrmzll 
proJectione near the atagmtion point-will not move the traneition 
point forward to the projections. It was assumd, therefore, that 
for surfaces which &re rough up to the s t a p t i o n  point a laminar 
boundary layer &eta at least to the point at which the local 
velocity reachee the free"8tmam velocity. 

#EstxLTS AND DISCUSSION 

A comparison of theoreti& results using the method discwsed 
in this report with experilnsntal results i s  shown in table I follow- 
ing t h e  appendix. In tplo theoretical  reaulte,  the roughnea8 height 
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and  density  were estimated from photomicrograplhs or  enlarged sketches 
of the roughened surface. The dashed curves in figure 4 show the 
equivalent sand grain heights  estimated f o r  references 6 and 7. 
They are t h e  ,sane order of magnitude 88 the roughness in references 
8 and 9 .  

The experimental results were given in force and coeffichnt 
form i n  referencee 8 and 9. In references 6 and 7, the drag coef- 
ficient w&s mlculated from the velocity, brake horsepower, and 
altitude data given and from the efficiehcx of a propeller similar 
to -&at used an the -5IB airplane. (See reference 10. ) The data 
of ref erencea 6, 7, and 8 were obtalne& from flight tests. The 
data of reference 9 were obt-ed from Wfnd"tmne1 tests. - 

Consider- the approx~tions .khat have been %&e in the 
method discussed. in this .mport In order to mfntain fts sfqlicity, 
the agreement betweon exp&imental and ccanguted results ie believed 
to be satisfactory. In all but two caees, the Galculated increment 
af drag coefficient 5s-withln ~pproximatoly 20 percent of' the 
elcperimental increment. In the I x o  c a m e  in which - b e  a&reement w a ~  
poor, o n l y  15 percent and 40 percant of the leading edge of the 

grim3ri4 due to.= inability to eet-to accurately tho point of 
transition when the wing lead- edge is roughened. Theref o r e  
when only a small portion of the leading edge is mughenea, arrors 
in the location of tmneitick caw0 proportiwtely large errore 

the error  in t he  drag increment due to an e r ro r  in the transition 
point becomes proportionately -11. %La- coxditicg- ~3uggeests the 
fact .that, If tho l~grq edqe of a surfaco $8 rou&mqed, the 
method may be used s u c c o s s f u l ~  o a j . i f T & j o r  .portion of the w l n g  
isi@-ened, but cannot be imed successfully when only a small 
portLog of the- surface is roWened7-  O b  the other hand, when 

satisfactcry results even when cmly 33 percent of tho trailing 

results  with those of reference 6 .  

P-5B w i n g  w w  roughened. This poor .agreement I s  believed to be 

. . in the drag comptations.  Howevor, for a wing  completely roughened, 

,. 0iii-y- t he  tdlis edge -of the wiG ie rougkenod, the method give8 

* edge is roughened, &B in the case of &e cmpbrisan of  calculated 

A mthod of calculatfng the effect. on drag of ro~~ghnoas on the 
surface of a.f~ airpbne, baaed. upon equatiom for  the skin friction 

experimental rcjsults ahmi% t h e  effect of surface roughnese w i t h  
res~~lts obtained fram this method indfcates the following: 

. of a flat plate, is discuasod in this roport. A conparison of 

1. 31 most of the cmp&risons,  the calculated incrament wa8 
within 20 porcent of t h e  experimental lncremnt. 

. .  - 
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2. D u e  t o  an inability t o  estimate 
a roughemd surface w i l l  c a u a  prematuke 
and calculated  resulte in which only the 

accurately the extent that 
t rami t ion ,  exparimsntd 
leading edge of the wing 

Arms Aermautical Laboratory, , 

National Advisory Cdmmittee for Aeronautice, 
Moffett Field, Calif. 

mmy.DIx 
(JUTLINE @J' METEDD TO C m  DRAG INCEE3lENT 

To calculate the effect of surface rou&neea by the method 
dfecussed i n  this report, the eurfacb i e  asstumsd t o  bo a flat plate and 
the akin f r i c t ion  of the plate in a smooth and a roughened condition 
is computed. The Ufference in t h e s o  results i8 the  increment due to 
8UTf&ce roughm8.8. An outline of the e k p  required to c d c u l a t e  the 
drag of s surface  with two tgpQe of flow 1 B a8 fallows : 1 

1. Detammrim typee of flow of the &ace and divide the surface 
in to  sections correBpond1n.g t o  the various tgpee of flow. . .I ' 

2. Seloct the equation .or figure applicable  to  each type of flow. 

3. Calculate tho eklr+frictian drag per unit wldth for ,  tho 
ugstre,am aoctlon. 

c 

4. Find the distance that the second section must be eltended . 
UpStIWasl by 8Ub8t(tUtiw drag frm Step 3 in to  9qmtiOl3 Or fi@UW 
corresponding  to. type of flow over second section. 

5.  Add. distance from s tep  4 to length of second .section. 

6 .  SubBtitu-b length from step 5 in to  equation or figure 
. corresponding to .flow over second section. The rbsult. i e  tho drag 

' per  'unit 

79 
surfaco. 

width for tho surface. 

. 

Multiply results of' step 6 by the averap width of tho 
The meult .:e t h e  ekl-fiiction drag of the surface. 

I 

Since by wing equation8 (4) t o  ( 6 )  or figures 2 to 4, the 
unit width alroady ie divided by tha dynamic prossure, a coof- 

f i c i en t  m y  be obtained from ~ t e p  7 by dlvidlng by the iwference mea. 

If more than two t m e  of flow exist on tho mrfaco, stops 4 t o  6 
are  repeated for each additional type of flow with the difference that 
the drag wed in s k p  4 is the drag per lplit width of all surface 
upstream of t h e  section under conaideration. 
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What is the increase in drag coefficient Bue to roughening 
50 percent of the traillng edge of a wing?  

Given : . . -  :. 

Wing chord, 10 feet 
W h . g  span, 60 feet 
Reynolds nuniber per foot of ch&Lj' 1 x.106 , . 
Transition from laminar to twbulent, 30 percent chord on 

Height of' ro~~ghneas particle, 0.- foot 
Spacing of roughmas particle, 0.0015 foot 
Using figure 6,  the equivalent sand grain height ie found to 

. . - .. ".. .. . .  
. -  -.-- .- .. . . . _ _  . - -  ~ . .. . . .  : . ,  

"i 

uppr and lower surface 

be 0.0010 foot. 

The skirr-friction drag.for. roughened wing M U  f i r a t  be 
. .  ." .. ~ . . .. computed. 

_. . .I 

. . . .  . .  .. . 

steps 1 and 2 
, .  

2.3 X 1r3= 
0.455 x 

[ los + log,, "f 

X = 0.5 f t  

X = 0.5 + 2 = 2.5 



2 2  

Step 6 

step '4t 
. .  . .  

. .  



s tep  8 . .  
. .  

. 
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Fig. 1 

0 100 200 300 400 500 6 00 700 
-:+ j - True airspeed, mph 

! 4.c .b 

Figure 1.- Variation of Reynoljs number with true airspeed. 
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Figure 2.- The skin-friction drag of n f la t  p l a t e  for a 
laminar boundary layer. 
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Figure 3.- The skin-friction drag of a flat p l a t e  for a 
turbulent boundary layer on it smooth surface .  
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(a) Lower range 

Figure 4.- The skin-friction drag of a f l a t  plate for 8 
tu rbulen t  boundary layer  on a rough surface. 
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Figure 4.- Concluded. 

( b) Upper range 
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Figure 5.- Variation of ekin-friction drag coeff ic ient  of 

boundaxy layer on a m u c h  surface. 
R f la t  plate with Reynolds number for a turbulent  
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Figure 6,- The effect of rougnnetes d e n s i t y  on the equi- 
v a l e n t  sand grain height. 
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Figure 7 . -  A function for determining the l aminar  separatior! 
po in t  for a double-roof v e l o c i t y  dis tr ibut ion .  
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